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Synopsis

An equation is derived relating total and preferential interactions of solvent com-
ponents with macromolecules in a three-component system. Application of this equa-
tion to literature data shows that binding of non-polar solvents to proteins parallels the
unfolding of the latter. This observation is discussed in terms of local inter-residue and
residue-solvent interactions.

Studies on the relation between conformational changes in proteins
caused by organic helix-inducing denaturants and the interactions between
proteins and the solvent components in water—organic solvent mixturcs
have indicated that the two phenomena are closely related.’? A direct
quantitative comparison between the degree of conformational transition
and absolute protein solvent component interactions is complicated, how-
ever, by the dependence of the reference state on solvent composition.
This follows from the fact that thermodynamic techniques used to mea-
sure interactions in three-component systems result only in preferential
interactions, i.e., in measurements of the change in chemical potential of
the added solvent component, due to its interaction with protein, relative
to its chemical potential in the bulk mixed solvent, in the absence of pro-
tein.®3 In order to understand the relations between protein-solvent
interactions and protein conformation in solution, it is necessary to know
the absolute extents of interaction between the protein and each solvent
component in a solvent mixture. In this paper, an equation will be
derived which relates preferential and absolute interactions of solvent
components with proteins and it will be applied to data available in the
literature.

Using the notation of Scatchard* and Stockmayer,’ let us designate water,
the principal solvent, as component 1, the macromolecular solute as com-
ponent 2, and the added organic solvent as component 3. All concentra-

8670



tions will be expressed in units of grams of component ¢ per gram of water.
The thermodynamic measurements of interactions, whether done by light
scattering,® partial specific volumes,” isopiestic equilibrium,® or other
techniques, give as a final result the change in the activity coefficient of
component 3 due to the addition of component 2, without specifying the
mechanism of the interactions on a molecular level. The observed inter-
actions represent, therefore, a summation over an entire spectrum of degrees
of attraction and repulsion between solvent molecules and regions of the
protein chain. Thus, there may be solvent molecules totally immobilized
at discrete regions of the protein, with their degrees of rotational and trans-
lational motions greatly restricted; other molecules may be partly restricted
by weaker interactions which affect their freedom of motion only momen-
tarily; other molecules may be excluded from the domain of the protein.
Since the experiments result only in an average value of the interactions
for all molecules of a given solvent component; we shall adopt a working
model in which solvent molecules will be regarded as belonging to one of
two classes, bound (in the present context, the term “binding” is used in its
most general sense, i.e., it indicates only the existence of a net attraction
between the solvent molecules and the protein) and free. This in no way
restricts the general significance of the derived equation.

Let us introduce one gram of component 1 and g; grams of component
3 into a bag formed of a membrane impermeable to the macromolecule,
and let us immerse this bag into an infinite volume of a mixed solvent of
identical composition. Let us now add inside the membrane an infini-
tesimal amount, dg,’ grams, of component 2. If 4, is the number of grams
of component 1 which becomes bound per gram of protein and 4; is the
number of grams of component 3 which becomes bound per gram of pro-
tein, then the amounts of solvent components in the free state inside the
bag decrease by Aidg,’ and Asdg,’. The concentration of free component
3 changes from ¢; to g;’ where

9" = (gs — Asdg:)/(1 — Asdg.") 1)

At chemical equilibrium between the inside and the outside solvents at
constant temperature, T, and pressure, p, the chemical potentials of com-
ponent 3 inside, u;®, and outside, u;©, the bag must be equal

ps® = ps@ = RT log gs® + RT log v;® =
RT log g;© + RT log v;© (2)

If it is assumed that the entire difference between the activity coefficients of
component 3 inside and outside the bag is due to interactions with protein
inside the bag, we may set v;® = ;@9 where f;& is the fraction of
component 3 inside the bag which is not bound to protein. It follows then,
that gs@f;D = g© i, at equilibrium, the concentration of unbound
component 3 inside the bag must be equal to the concentration of that com-
ponent outside the bag. In order to maintain this equality, dgs = (¢; —



¢3’) grams of component 3 per gram of free water must diffuse into the bag
through the membrane. Using equation 1, we obtain

dgs = gs — gs' = (4s — gsd1)dg.’/(1 — Audg’) ®3)
The concentration of component 2 inside the bag at equilibrium, is ‘
dga = dg,’/(1 — Ardgs’) 4)

The preferential interaction parameter, (3gs/0¢:) 7,54, is then
(095/092) 7.,y = As — gsds )

If the absolute degree of hydration of the protein, 4,, is known, equation
5 makes it possible to calculate A; the absolute amount of organic solvent
bound to the protein, since

As = (9gs/9gs) T, D13 + gs4. (6)

This thermodynamically rigorous equation is essentially identical with
the one previously deduced from qualitative considerations®? and may
serve to prove its validity. If the extent of hydration, A4;, of the protein
is known, equation 6 may be used to calculate the absolute amount of or-
ganic solvent bound to a protein. Such calculations were carried out for
several proteins using available preferential interaction data*® and the
results were compared with those on conformational changes induced by the
same solvents, as a function of solvent composition. In these calcula-
tions, it was assumed that the polar groups which were hydrated in the
native protein in water remained hydrated to the same extent when the
protein unfolded. In addition, an allowance was made for the hydration of
newly exposed polar groups as the protein unfolded. The increase in degree
of polar group exposure was assumed to parallel the conformational transi-
tion, monitored by optical rotatory dispersion and circular dichroism.

The “degree of hydration” of a protein is essentially a vague concept;
it is a function of the technique used, since hydrodynamic,® x-ray,
NMR,!* and other methods each measure different effects of the macro-
molecules on the water molecules. For the purpose of our calculations, we
have chosen for A; the results of water vapor binding at isopiestic equilib-
rium, reported by Bull and Breese,!? since these are close to the averages ot
values given by a variety of techniques. For the native proteins used in
the present studies, the hydrations, expressed as grams of water bound per h
gram of protein, are: 0.32 for B-lactoglobulin A (8-Lg A), 0.32 for bovine
serum albumin (BSA), 0.25 for lysozyme, and 0.24 for insulin. Since the
dielectric constants of the pure organic solvents used in this study are of the
order of 30, in mixtures with water they should exceed the value below
which ion pair formation takes place'® and neutralization of ionized groups
occurs. Therefore, the ability of ionized residues to immobilize water
molecules should not decrease appreciably with an increase in organic
solvent concentration within the range used in our studies. On the other
hand, unfolding of the protein should unmask some originally solvent



inaccessible polar groups. ~ Assuming that the net contribution to hydra-
tion of the newly exposed groups at the completion of unfolding is of the
order of 15 to 209, it was possible to estimate 4, at various solvent com-
positions and using this value to calculate As, as well as the total amount of
solvent adsorption, A = A, + A;, and the composition of the solvation
layer, As/A;. The results of these calculations are presented in Tables I
and II.

The variation in 4; as a function of solvent composition is compared with
the change in apparent helix contents in 8-Lg A in Figure 1 for the system
water—2-chloroethanol. It is evident that, except for a short region at low
organic solvent contents, the conformational change parallels almost exactly
the absolute degree of interaction of the organic solvent with the protein.
B-Lg A undergoes a sharp conformational change between 10 and 209, of
2-chloroethanol, i.e., the solvent composition range over which the bulk of

TABLE I
Protein—Solvent Interactions in the Water—2-Chloroethanol System -
Chloro- Helix
ethanol, (E9_3>° contents,* Aj, A, A, As
vol. % gs g/g 092/ Ty %o g/g g/g g/s 4
B-Lactoglobulin A
0 0.0 0.0 11 0.32 0.0 0.32 0.0
5 0.063 0.114 10 0.32 0.134 0.454 0.42
10 0.133 0.161 10 0.32 0.204 0.524 0.64
20 0.297 0.466 36 0.36 0.573 0.933 1.59
30 0.505 0.706 46 0.37 0.893 1.263 2.41
40 0.783 0.714 50 0.37 1.004 1.374 2.71
50 1.170 0.637 51 0.37 1.070 1.440 2.89
60 1.748 0.247 53 0.37 0.894 1.264 2.42
80 4.641 —0.624 58 0.37 1.093 1.463 2.96
Bovine Serum Albumin
0 0.0 0.0 31 0.32 0.0 0.32 0.0
20 0.297 0.433 51 0.32 0.528 0.848 1.65
40 0.783 0.619 60 0.32 0.870 1.190 2.72
60 1.748 —0.113 58 0.32 0.446 0.766 1.39
80 4.641 —0.787 60 0.32 0.698 1.018 2.18
Insulin
0 0.0 0.0 35 0.24 0.0 0.24 0.0
20 0.297 0.359 34 0.24 0.430 0.670 1.79
40 0.783 0.664 35 0.24 0.852 1.092 3.55
60 1.748 0.253 37 0.24 0.672 0.912 2.80
80 4.641 —0.424 37 0.24 0.690 0.930 2.87
Lysozyme
20 0.297 0.347 0.25 0.421 0.671 1.68
40 0.783 0.431 0.25 0.627 0.877 2.51
60 1.748 —0.028 0.25 0.409 0.659 1.64
80 4.641 | —0.485 0.25 0.675 0.925 2.70

*Estimated from b, of Moffitt-Yang parameters, with b, = —630 for 100 helix and 0
for unordered and 8 conformations.



TABLE II

Aqueous Medium

Organic Helix
solvent, (%) ° contents,® A, As, A, As
vol. % 95, 8/8 \30:/ T, % g/g 8/g g/g 4,

B-Lg A in H,O-HOEtOH

20 0.277 0.013 13 0.32 0.102 0.422 0.32
40 0.731 0.035 8 0.32 0.269 0.580 0.84
60 1.625 0.140 10 0.32 0.660 0.980 2.06
80 4.285 0.419 45 0.37 2.004 2.3714 5.42
8-Lg A in H,0-MeOEtOH
20 0.237 0.013 22 0.32 0.089 0.409 0.28
40 0.617 ©0.000 32 0.3¢  0.210 0.550 0.62
60 1.351 0.265 58 0.37 0.765 1.135 2.07
80 3.487 0.438 69 0.37 1.728 2.098  4.67

sEstimated from b, of Moffitt-Yang parameters.

the organic solvent becomes “bound.” At higher solvent compositions,
both quantities level off, or increase only very slowly. It is quite striking
that the binding of organic solvent to the protein occurs already below
109, 2-chloroethanol, i.e., in the regions in which the conformation re-
mains unchanged.

This “induction zone’’ may be explained in terms of the concept of pro-
tein ‘‘breathing,” 1 i.e., in terms of the thermal fluctuations of the protein
conformation.’® As the protein ‘“breathes,” residues, which normally are
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Fig. 1. Variation with solvent composition of solvent binding to g-lactoglobulin A and
of apparent helix contents in the water—2-chloroethanol system. Open circles and solid
line: binding of 2-chloroethanol to the protein, As; filled circles and dashed line:
apparent helix contents.




not in contact with solvent, become momentarily exposcd to it. Such ex-
posure should permit the non-polar solvent molccules to enter into hydro-
phobic interactions with non-polar amino acid residues, in particular near
the surface of the molecule. Replacement of the internal, inter-residue
hydrophobic interactions by external ones should gradually decrease the
net stabilization free energy of the protein molecule, until a point at which
it is no longer sufficient to balance the destabilizing drive of the conforma-
tional entropy. At this point, the molecule should “explode,” as is evi-
denced by a sharp cooperative conformational transition. Such an “ex-
plosion,” exposing large numbers of previously buried non-polar residues
to solvent, should be accompanied by a sharp increase in binding of the
non-polar solvent component to the protein, as is indeed observed.

In the case of lysozyme, this gradual exposure of non-polar residues to
denaturing solvent, followed by an explosion of the secondary structure,
is evidenced by the disruption first of the circular dichroism bands corre-
sponding to interactions between aromatic residues, followed by a general
conformational change.? This interaction of the non-polar solvent com-
ponent molecules with the non-polar residues should satisfy the hydro-
phobic pressure exerted on the latter by the unfavorable water entropy,
without the need of folding into an entropically unfavorable globular
structure.

As shown in Table I, the amount of 2-chloroethanol bound to protein
reaches a value of one gram per gram of 8-Lg, i.e., 224 molecules of the non-
polar solvent per protein molecule, or approximately 2-3 molecules of the
alcohol per non-polar residue. In this system, the sharp conformational
transition sets in at a value of Az which is at 209, of saturation, i.e., at a
point which corresponds to the average solvation by the non-polar solvent
of ca. 20 non-polar residues. The net structure stabilizing free energy of
a globular protein is of the order of 10-20 kecal/mole!®:'7 and the strength
of the average inter-residue hydrophobic interactions is 1-2 keal/mole per
residue.16:18

These numbers are fully consistent with our model of protein unfolding
by non-polar solvents>—namely with the mechanism involvirg the replace-
ment of internal inter-residue hydrophobic interactions by external ones
with solvent molecules. Furthermore, these results argue strongly in favor
of direct short-range protein—solvent interactions as being a primary cause
on the molecular level of protein unfolding, rather than the long-range
general effect of the organic solvent on the structure of water in the bulk
solvent. The other two solvents used with 8-Lg are much weaker denatur-
ing agents, and for them, as seen from Table II, variations in A; and ap-
parent o-helix contents increase in essentially parallel fashion, indicating a
mechanism of interaction similar to that of 2-chloroethanol.

In the case of the other protein—solvent systems, the information is much
less detailed and, therefore, it cannot be subjected to the same type of
precise analysis. Nevertheless, it is worth mentioning that, in 2-chloro-
ethanol, the maximal extent of non-polar solvent binding is reached in all



cases at close to 209, alcohol; this is also the solvent composition at which
the apparent degree of helicity sharply increases in lysozyme? and BSA, as
shown in Table I. Insulin appears, at first, to be an anomalous case. Us-
ing the optical rotatory dispersion paramcter, b,, as criterion, it would ap-
pear that its conformation remains essentially unchanged when transferred
from an aqueous medium to chloroethanol'®:? and yet it binds the organic
solvent as strongly as the other proteins.! A detailed analysis of the varia-
tion of its circular dichroism spectrum with solvent composition,?! how-
ever, has shown that major changes occur in individual bands. The
changes, however, are of opposite sign and their summation leads to the
observed invariance in b,. Furthermore, insulin has 3 disulfide bridges for
a total of 51 amino acids. The structural constraints imposed by these
bridges might be reflected in high-encrgy barriers to the refolding of large
portions of the polypeptide chains into an ordcred conformation, such as an
a-helix. Thus, while the structure-inducing denaturant might penetrate
within the protein molecule, with concomitant conformational alterations
and a general loosening of structure, it would not be able to induce the for-
mation of new a-helical regions.
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